Age-related macular degeneration (AMD) is the most common cause of blindness, particularly irreversible blindness, in elderly people worldwide [1] . A recent review and meta-analysis of the prevalence of AMD in Asians reveals that the pooled prevalence estimates of early and late AMD in Asians aged 40-79 years old were 6.8% and 0.56%, respectively [2] . The findings of previous studies suggest AMD is a complex disease with demographic, environmental, and genetic risk factors [3] . The progression of AMD occurs over an extended time frame, with a primary influence on debris accumulation in the early stage and retinal pigment epithelial abnormalities in the late stage. There are two subtypes of late AMD, dry (atrophic) AMD and wet (neovascular) AMD [4] , distinguishable by different clinical and pathologic features. The primary clinical characteristic of dry AMD is the appearance of retinal pigment epithelium (RPE) atrophy, usually known as geographic atrophy (GA).
therapy is inconsistent. Very little is known about why certain patients are treatment resistant. It is well known that the promoter region and introns within the VEGF-A gene may be important in regulating VEGF-A protein production and/ or influencing mRNA splicing. Previous studies report that VEGF-A −460T/C and +634G/C were found to be associated with the risk of AMD in Caucasian AMD populations [13] [14] [15] , and +936C/T was shown to significantly increase in wet AMD in a Chinese cohort [16] . Genetic variability of the VEGF-A gene may thus have an important role in determining and/or modifying the development and progression of AMD and the response to anti-VEGF therapy.
The VEGF-A gene is located on chromosome 6p21.3 and contains eight exons and seven introns [17] . Several singlenucleotide polymorphisms (SNPs) have been identified in the VEGF-A gene and are believed to have functional activity [18] . Among these, −460T/C (rs833061) in the promoter region, +405G/C (rs2010963) in the 5′-untranslated region, and +936C/T (rs3025039) in the 3′-untranslated region are known to modulate the protein expression of VEGF-A [18, 19] .
Over the past decade, a considerable number of epidemiological studies have focused on the association between VEGF-A polymorphisms and AMD susceptibility. However, these studies were limited by small or moderate sample sizes. Meta-analysis can be used to pool data from the appropriate individual studies to obtain sufficient statistical power to detect the potential effect of small to moderate sizes of samples associated with these polymorphisms. To address these issues, we performed a systematic review and metaanalysis of all eligible case-control studies to estimate the association between VEGF-A polymorphisms and AMD risk.
METHODS

Literature search:
To identify the studies eligible for systematic review and meta-analysis, the following electronic databases were searched: PubMed, Embase, Wanfang (Chinese), VIP (Chinese), and the Chinese National Knowledge Infrastructure (CNKI), up to October 19, 2011 . The following keywords were used: (VEGFA OR VEGF-A OR VEGF OR "vascular endothelial growth factor") AND (haplotype OR polymorphism) AND (macular degeneration). The search was done without restrictions on language and included all studies conducted on human subjects. Additional studies were identified through a manual search of the references of the original studies. Of the studies with overlapping data published by the same investigators, only the most recent or complete study was included in this meta-analysis.
Inclusion/exclusion criteria: Studies had to meet all of the following criteria: (i) they evaluated VEGF-A polymorphisms and AMD risk, (ii) they were case-control or cohort studies, and (iii) they contained sufficient published data to estimate an odds ratio (OR) with a 95% confidence interval (CI). Following the application of these criteria, meta-analyses were performed for all polymorphisms for which eligible data were reported in at least three published studies.
Data extraction: Information was carefully extracted by two independent investigators according to the inclusion criteria noted above. For each study, the following information was collected: the first author's surname, year of publication, country of origin, ethnicity, mean age and type of cases and controls, and the number of cases and controls for each genotype of VEGF-A polymorphisms. Ethnic origins were categorized as Caucasian, Asian, and African. If a study did not state the ethnic descendent or if it was not possible to separate participants according to such phenotypes, the group was termed "mixed." Late AMD was divided into two subtypes: dry AMD (nonexudative AMD, atrophic AMD, or geographic atrophy) and wet AMD (exudative AMD, neovascular AMD, or choroidal neovascularization).
Statistical analysis:
To test for control population selective bias, a chi-square test was applied to determine if the genotype distribution of the control subjects of each individual population conformed to the Hardy-Weinberg equilibrium (HWE; p<0.05 was considered significant). Associations between VEGF-A polymorphisms and AMD risk were calculated using ORs and 95% CIs. The genetic model analysis was performed according to the Thakkinstian et al. [20] method, and then the wild-type allele was set as A and the risk allele as B. For each polymorphism, A and B allele frequencies were first compared in case and control groups. The best genetic model was determined by estimating the three possible ORs and their 95% CI in the meta-analysis sample: OR1 (BB versus AA), OR2 (AB versus AA), and OR3 (BB versus AB). If OR1=OR3≠1 and OR2=1, then a recessive model (BB versus AA+AB) is suggested. If OR1= OR2≠1 and OR3=1, a dominant model (BB+AB versus AA) is suggested. If OR1=OR2=1 and OR3 ≠1, a complete overdominant model (AA+BB versus AB) is suggested. If OR1>OR2>1 and OR1>OR3>1 (or OR1<OR2<1 and OR1<OR3<1), a co-dominant model (AB versus AA and BB versus AA) is suggested. When none of the OR values significantly deviated from 1, meta-analyses were performed for these different genetic models. Sensitivity analysis was used to examine the effect of excluding specific studies, such as studies with controls that were not in HWE. The statistical significance of the summary OR was determined using the Z test, in which p<0.05 was considered significant. Between-study heterogeneity was estimated using the χ 2 -based Q statistic [21] . Heterogeneity was considered statistically significant when p<0.1 or I 2 >50% [22] . If heterogeneity existed, data was analyzed using a random effects model. In the absence of heterogeneity, a fixed effects model was used. The Begg's rank correlation method and the Egger's weighted regression method were used to assess potential publication bias. All statistical analyses were performed using Stata software (version 11.0; Stata Corporation, College Station, TX) and two-sided p values.
RESULTS
Eighty potentially relevant papers were retrieved (38 in PubMed, 42 in Embase, 0 in Wanfang, 0 in VIP, and 0 in CNKI). Sixty-seven studies were subjected to a full-text review and excluded according to the selection criteria stated above. Thirteen studies were identified that examined the association between VEGF-A polymorphisms and AMD risk [13] [14] [15] [16] [23] [24] [25] [26] [27] [28] [29] [30] [31] and four of these studies were excluded for insufficient data [14, [29] [30] [31] . As summarized in Table 1 and Figure 1 , data were available from a total of nine studies [13, 15, 16, [23] [24] [25] [26] [27] [28] , with 2,281 AMD patients and 2,820 control subjects in total. The definitions of AMD patients and controls in these studies were based on clinical ophthalmic examinations and various grading systems, such as the Clinical Age-Related Maculopathy Staging (CARMS) system [24] , the International Age-Related Maculopathy (ARM) Epidemiologic Study [16, 26] , the Age-Related Eye Disease Study (AREDS) [27] , and others [13, 15, 23, 25, 28] (Appendix 1). Controls were defined as those subjects having no clinical evidence of AMD, without detectable drusen or pigmentary abnormalities, or without drusen of more than 63 μm in both eyes.
These studies focused on 20 identified polymorphisms of the VEGF-A gene (Figure 2 ): rs699947 and rs833061 in the promoter region, rs2010963 and rs25648 in the 5′ UTR, rs1413711 in the intron 1, rs833068, rs833069, rs833070, rs3024994, rs735286, rs2146323, and rs3024997 in the intron 2, rs3025007 in the intron 5, rs3025021 and rs3025024 in the intron 6, rs3025030, rs3025033, and rs3025035 in the intron 7, rs3025039 in the exon 8, and rs10434 in the 3′ UTR. Data reported in at least three published studies were available for four VEGF-A polymorphisms (rs1413711, rs833061, rs2010963, and rs3025039). The lists of genotypes and allelic frequencies of these four VEGF-A polymorphisms in the eligible studies are provided in Table 2 . A study [16] investigating the rs2010963 polymorphism significantly deviated from HWE (p<0.05). rs1413711: The rs1413711 SNP (+674C/T) is located in intron 1 of the VEGF-A gene (1695 bp downstream from the start of exon 1) and has been investigated in association studies in patients with AMD, particularly wet AMD. A positive association was initially reported by Churchill et al. [13] , with an excess frequency of the CC genotype in a Caucasian sample of wet AMD patients versus controls. However, this observation was not replicated in subsequent studies. Lin et al. [16] studied a Chinese population and reported no association between the rs1413711 polymorphism of the VEGF-A gene and AMD. More recently, Almeida et al. [24] and Qu et al. [23] reported significant associations in Brazilian and Chinese populations between AMD and the TT genotype as the risk genotype.
In this meta-analysis, the four studies [13, 16, 23, 24] with the rs1413711 polymorphism of the VEGF-A gene comprised three different populations, including 554 AMD cases and 551 controls. An evaluation of the association between the VEGF-A rs1413711 polymorphism and AMD risk is presented in Table 3 . Considering all individuals from those studies, no significant association between AMD and the T allele was detected (random effects OR 1.15 95% CI 0.86-1.56). As shown in Figure 3A , the VEGF-A rs1413711 TT genotype was associated with a significantly increased AMD risk in the TT versus the CT model (fixed effects OR 1.74, 95% CI 1.22-2.48). No significant results were observed in any other genetic models. In the stratified analysis for wet AMD, the VEGF-A rs1413711 TT genotype was also associated with a significantly increased wet AMD risk in the TT versus the CT model (fixed effects OR 1.82, 95% CI 1.22-2.71) and the TT versus the CC+CT model (fixed effects OR 1.63, 95% CI 1.13-2.35; Table 3 and Figure 3 ).
rs833061: The rs833061 SNP (−460 T/C) is located in the promoter region of the VEGF-A gene. A pioneer study by
Richardson et al. [28] of a Caucasian population showed the rs833061 polymorphism of the VEGF-A gene was not associated with dry or wet AMD. Furthermore, two studies [16, 23] of a sample Chinese AMD population reported no association. Janik-Papis et al. [15] reported a positive association in a Polish population. The TC genotype was associated with a significantly increased risk of AMD, including dry AMD and wet AMD.
We retrieved four studies comprising four different sample populations (two Caucasian and two Asian) for whom detailed allele frequencies were reported, including 1,180 cases and 611 controls. Overall, significant associations were found for the C allele versus the T allele (random effects OR 1.72, 95% CI 1.00-2.96), and for the CC versus the TT model (random effects OR 1.77, 95% CI 1.00-3.11; Table 4 and Figure 4 ). In the stratified analysis for dry AMD, no significant results were observed in any of the genetic models. A significantly elevated risk was associated with the VEGF-A rs833061 C allele among subjects with wet AMD (C allele versus T allele: random effects OR 1.54, 95% CI 1.03-2.31; Table 4 and Figure 4C ).
rs2010963:
The rs2010963 allele (+405C/G or −634G/C) is located in the 5′-untranslated region of the VEGF-A gene. Studies by Lin et al. [16] and Qu et al. [23] of two Chinese populations reported no association between the rs2010963 polymorphism of the VEGF-A gene and AMD. Janik-Papis et al. reported positive associations of the C allele, CC genotype, and the occurrence of dry AMD [15] .
A meta-analysis of an association in three studies of AMD patients (614 cases and 454 controls from one Caucasian population and two Asian populations) did not show a significant association in any of the genetic models of the overall comparison or in the stratified analysis for wet AMD (Table 5) . A sensitivity analysis was performed after excluding the study conducted by Lin et al [16] because the controls were not in HWE; however, this did not alter the pattern of results (data not shown).
rs3025039: The rs3025039 allele (+936C/T) is located in the 3′-untranslated region of the VEGF-A gene. The three studies [16, 23, 26] with the rs3025039 polymorphism of the VEGF-A gene comprised three different populations, including 575 AMD cases and 568 controls from one Caucasian population and two Asian populations. Lin et al. [16] reported that the T allele of the rs3025039 SNP was significantly increased in Chinese wet AMD patients compared with controls. However, this association was not replicated in the other groups, i.e., in one Caucasian population [26] and one Chinese population [23] .
In an overall comparison of three studies, there was no association between this polymorphism and the risk of AMD in any of the genetic models (Table 6 ). Due to the limited data, we did not analyze the data based on the subtype of AMD for this polymorphism.
Publication bias: The Begg's rank correlation method and Egger's weighted regression method were used to assess publication bias. No obvious publication bias for these polymorphisms was found.
DISCUSSION
The VEGF-A protein is the most important regulator of angiogenesis and is overexpressed in the retinal tissue of AMD, particularly wet AMD [7] [8] [9] . Polymorphisms that can alter VEGF expression and protein production may contribute to the risk of AMD. Several published studies have been conducted in recent years to evaluate the association between the VEGF-A SNPs in terms of AMD risk predisposition in different ethnic populations, but the results have been conflicting [13] [14] [15] [16] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Churchill et al. [13] found the rs1413711 CC genotype was significantly associated with an increased susceptibility to AMD in a Caucasian population. Richardson et al. [28] investigated seven tSNPs of the VEGF-A gene and found no evidence of an association between these SNPs and either AMD or any of its subtypes in an Australian population. Lin et al. [16] and Qu et al. [23] analyzed the association of SNPs in the VEGF-A gene with the risk of AMD in Chinese patients. Lin et al. [16] suggested that the rs3025039 allele was significantly associated with wet AMD. However, Qu et al. [23] reported that no evident association was found in the allele frequencies of any individual SNP between AMD patients and controls.
In the present study, a systematic review/meta-analysis was performed to examine the association between the VEGF-A polymorphisms and AMD risk by critically reviewing nine studies, including a total of 2,281 AMD patients and 2,820 controls. These studies focused on 20 identified polymorphisms of the VEGF-A gene, but only four polymorphisms (rs1413711, rs833061, rs2010963, and rs3025039) were reported in at least three published studies.
The rs1413711 polymorphism, also called +674C/T, is located in intron 1 of the VEGF-A gene. Thus far, no data are available regarding the functional activity of this polymorphism. Our meta-analysis on the available studies showed the VEGF-A rs1413711 TT genotype was associated with a significantly increased AMD risk. People who had the rs1413711 TT genotype had a 74 percent higher risk of AMD than people who had the CT genotype. In the stratified analysis by subtypes of AMD, it was also found that the rs1413711 TT genotype was a risk factor in wet AMD patients. The TT genotype carriers had a nearly 82 percent increased risk of wet AMD compared with the CT genotype carriers, and had about a 63 percent increased risk of wet AMD in the recessive model (TT versus CC+CT). Previous studies have suggested VEGF is a pathogenic factor in the development of CNV [7] [8] [9] . Churchill et al. [13] considered that proximity of this SNP may alter the local environment, influence binding, and increase VEGF production. Further studies are needed to clarify the biologic function of the rs1413711 polymorphism and the influence of the TT genotype on the pathogenesis and clinical treatment of AMD, particularly wet AMD.
The rs833061 allele (−460 T/C) is located in the promoter region of the VEGF-A gene and the T allele may be associated with decreased promoter activity of the VEGF-A gene [19] . In the present meta-analysis, the C allele and the CC genotype were associated with a significantly increased AMD risk. The individuals with the rs833061 C allele had a 72 percent higher risk of AMD compared with individuals with the rs833061 T allele, and those with the CC genotype had a 77 percent higher risk of AMD compared with those with the TT genotype. In the stratified analysis for wet AMD, the C allele carriers had about a 54 percent increased risk of wet AMD compared with the T allele carriers, demonstrating a significant effect of the C allele on the increased risk for wet AMD. However, in the stratified analysis for dry AMD, no significant associations were observed in any of the genetic models. This suggests a potential difference in etiologic mechanisms and the clinical response of anti-VEGF therapy between dry AMD and wet AMD. Agents that block the effects of VEGF are emerging as the most successful treatment for wet AMD [32] [33] [34] . The carriage of the C allele and the CC genotype of the rs833061 polymorphism is potentially a risk factor for AMD, and the association between this SNP genotype and the clinical response of anti-VEGF treatment requires further study. Moreover, the sample size, especially of dry AMD, in the present study was still limited and potential small genetic effects may not be detectable. Such findings warrant further studies with larger samples and more homogenous populations.
In this meta-analysis, it was found that the VEGF-A rs2010963 and rs3025039 polymorphisms were not a risk factor for AMD. When stratifying for the subtype of the disease, there were no significant differences in genotype distribution between wet AMD cases and controls.
It should be noted that there were some limitations in this study. First, because of the limitations of raw data and publication, some relevant studies were excluded from this meta-analysis. Second, the sample sizes in the analyses were extremely small. Third, the sources of heterogeneity that existed among studies for most polymorphisms were not addressed. Finally, this meta-analysis was based on unadjusted data, while a more precise analysis could be performed if individual data were available.
In conclusion, despite the above-mentioned limitations, this meta-analysis suggests the TT genotype of rs1413711 and the C allele and the CC genotype of rs833061 in the VEGF-A gene are associated with an increased risk of overall AMD, and the TT genotype of rs1413711 and the C allele of rs833061 are a risk factor in wet AMD. VEGF-A rs2010963 and rs3025039 polymorphisms show no association with AMD risk. More detailed and well designed studies with larger populations and different ethnicities are needed to further evaluate the associations.
APPENDIX 1. DEFINITION OF CASES WITH AGE-RELATED MACULAR DEGENERATION AND CONTROLS INCLUDED IN THIS STUDY.
To access the data, click or select the words "Appendix 1." This will initiate the download of a compressed (pdf) archive that contains the file. OCT optical coherence tomography; FA fluorescein angiography; ARM age-related maculopathy; GA geographic atrophy; CNVM choroidal neovascular membrane.
